Background: previously, frailty indices were constructed using mostly subjective health measures. The reporting error in this type of measure can have implications on the robustness of frailty findings. Objective: to examine whether frailty assessment differs when we construct frailty indices using solely self-reported or testbased health measures. Design: secondary analysis of data from The Irish LongituDinal study on Ageing (TILDA). Subjects and methods: 4,961 Irish residents (mean age: 61.9 ± 8.4; 54.2% women) over the age of 50 years who underwent a health assessment were included in this analysis. We constructed three frailty indices using 33 self-reported health measures (SRFI), 33 test-based health measures (TBFI) and all 66 measures combined (CFI). The 2-year follow-up outcomes examined were all-cause mortality, disability, hospitalisation and falls. Results: all three indices had a right-skewed distribution, an upper limit to frailty, a non-linear increase with age, and had a dose-response relationship with adverse outcomes. Levels of frailty were lower when self-reported items were used (SRFI: 0.12 ± 0.09; TBFI: 0.17 ± 0.15; CFI: 0.14 ± 0.13). Men had slightly higher frailty index scores than women when test-based measures were used (men: 0.17 ± 0.09; women: 0.16 ± 0.10). CFI had the strongest prediction for risk of adverse outcomes (ROC: 0.64-0.81), and age was not a significant predictor when it was included in the regression model. Conclusions: except for sex differences, characteristics of frailty are similar regardless of whether self-reported or test-based measures are used exclusively to construct a frailty index. Where available, self-reported and test-based measures should be combined when trying to identify levels of frailty.
Introduction
Global populations are rapidly ageing, a pressing challenge for healthcare systems around the world. In Ireland, 13% of the population is 65 years or older, and this number is expected to double by 2040 [1] . Healthcare spending is also expected to rise from 5.8 to 6.7% of GDP by 2035 [2] . On the frontier of the challenges and opportunities of ageing is how we understand and respond to frailty in older adults.
As people age, they are more likely to experience health problems, but not everyone of the same age has the same risk for poor health. The concept of frailty captures this differential vulnerability to adverse outcomes among people of the same age: while many older adults are relatively fit, older adults who accumulate multiple health and social problems are frail [3] . Frail older adults are more vulnerable to a range of adverse health outcomes, which can make routine care less effective, more dangerous and more costly if this vulnerability is not identified and managed [4] . Even so, researchers, clinicians and policymakers have yet to agree on the best way to measure frailty [5] .
A systematic review of frailty assessment tools concluded that the frailty index (FI) seems to be the most suitable instrument to capture frailty [6] . The properties of the FI have been investigated in databases from around the world and showed that this method is a robust measure of health, predicts mortality and other adverse outcomes, and has consistent characteristics among different populations [3] . Often, the FI is constructed using mostly subjective health measures (e.g. self-reported co-morbidities and mobility limitations). Given that cultural attitudes, variations in health literacy and diagnosis rates could affect health assessments [7] [8] [9] [10] , this could have implications for estimates about frailty. Although some early work from the Canadian Study of Health and Aging did not show persuasive differences between estimates based on self-report and objective test data from clinical assessments [11] , more robust testing of these initial findings has not been undertaken. The current study examined whether frailty assessment differs when we construct FIs using solely selfreported or test-based health measures. For comparison, we have also evaluated a measure that combined the items.
Methods Sample
This is a secondary analysis of the first (2010) and second (2012) waves of The Irish LongituDinal study on Ageing (TILDA). TILDA is a nationally representative study of over 8,500 community-dwelling residents in Ireland aged 50+ and their spouses/partners, independent of age. TILDA is unique among longitudinal studies internationally in the breadth of physical, mental health and cognitive measures and especially for the depth and quality of objective measures. Participants first completed a face-to-face computer-assisted interview in their own homes and then were invited to attend a health centre for a comprehensive health assessment carried out by qualified and trained research nurses [12] . For those who could not travel to a centre, part of the health assessments was conducted in their own home. Of the 8,175 participants aged 50+, 5,897 underwent an assessment at Wave 1 (85.4% in the health assessment centres and 15.6% in their own home). For the purpose of this project, we excluded from the analysis spouses/partners below the age of 50, those who completed the health assessment at Wave 1 in their own home and those for whom sufficient data were unavailable to identify their frailty level (see below). Ethical approval for TILDA was obtained from the Trinity College Dublin Research Ethics Committee, and all participants provided written informed consent.
Frailty indices
The frailty level was identified in Wave 1 participants using the FI approach [13] . We first screened all items from personal interviews and health assessments to select the deficits that were included in the FIs. In general, a deficit can be any symptom, sign, disease, disability or laboratory abnormality that is associated with age and adverse outcomes, present in at least 1% of the population, covers several organ systems and has no >5% missing data [14] . A minimum of 30 deficits are required to construct a valid FI. We constructed FIs using 33 self-reported health measures (self-reported FI (SRFI); e.g. self-reported hypertension, mobility problems) and 33 test-based health measures (test-based FI (TBFI); e.g. measured blood pressure, walking speed). The two indices were independently constructed by members of our research team who did not try to match the content area of the variables. We also constructed a third index combining all 66 measures (combined FI (CFI)). Activities of daily living (ADL) and instrumental activities of daily living (IADL) limitations, hospitalisation and falls were not included in the FIs, because they were the outcome measures in our analysis. See Supplementary data, Appendix A available in Age and Ageing online for full list of measures. The included measures were binary, ordinal or continuous variables and were coded on a 0-1 interval (e.g. 0, 0.5, 1; 0 meaning no deficit, 1 meaning the deficit is fully represented). Continuous variables with no published cut points were categorised using percentiles; participants scoring in the lowest 5th percentile received the full deficit, whereas those scoring between the 20th and 5th percentile received a half deficit. The participant's FI score was calculated by dividing the number of recorded deficits by the total number of measures. For example, a participant with a deficit count of 20/33 from the self-reported measures would have an SRFI score of 0.61. Participants missing >20% of the variables (>6 variables in SRFI and TBFI; >13 variables in CFI) were excluded from analysis. SRFI scores were calculated for all participants; however, 66 participants (1.3%) were excluded from the TBFI and CFI calculations. For comparison with other frailty prevalence estimates, the continuous FIs were dichotomised at 0.25 [15] .
Outcome measures
Wave 2 consisted of an in-home interview only. From this wave, outcome data were all-cause mortality, disability (ADL, IADL), hospitalisation and falls (recurrent, non-accidental). ADL and IADL disability was defined as experiencing limitations with at least one ADL (dressing, walking across a room, bathing, eating a meal, getting out of bed or using a toilet) or IADL (preparing a meal, household chores, grocery shopping, making phone calls, taking medications or managing money), respectively. Hospitalisation was identified as any overnight hospital visit in the past 12 months. Recurrent fallers were identified as those participants experiencing two or more falls since the last interview (approximately the past 24 months), and non-accidental falls (or unexplained falls) were defined as those falls without obvious or apparent cause.
Statistical analysis
Descriptive data, including histograms and relationships of each FI with age, were used to describe the properties of the three indices. We compared FI scores by sex, age, education and living status. Predictive validity was tested using receiver operating characteristic (ROC) curves and evaluated the area under the curve (AUC). The associations between SRFI and TBFI with outcomes were evaluated independently and within the same model using logistic regression analysis adjusted for age and sex. Last, to understand whether the combination of all variables was better at predicting the outcomes than either the SRFI or TBFI on its own, we tested the association between our outcome measures and CFI. For each predictive model (ROC and regression analysis), we excluded the participants who did not report the specific outcome at Wave 1. For example, when we examined whether FIs can predict new falls at Wave 2, we excluded all participants who reported falls at Wave 1. We also repeated analysis for the whole sample to examine whether findings were different. Analyses were conducted using SPSS (version 18, SPSS Inc.) and Stata version 12. All reported confidence intervals are within 95%, and statistical significance level was set at a P value of 0.05.
Results
A total of 4,961 participants (mean age: 61.9 ± 8.4; 54.2% women) were included in this analysis. Among these participants, 93.5% completed Wave 2. All FIs had similar rightskewed distributions (Figure 1a) . The mean index score was higher for the TBFI (0.17 ± 0.15) compared with the SRFI (0.12 ± 0.09) ( Table 1 ). The SRFI (r = 0.837, P < 0.001) and TBFI (r = 0.833, P < 0.001) were highly correlated with CFI, whereas the relationship between SRFI and TBFI was weaker (r = 0.395, P < 0.001). Age was positively associated with frailty; for all indices, the relationship could be reasonably represented by a non-linear (exponential) function (Figure 1b) . FI scores increased 3.3% for the SRFI, 3.5% for the TBFI and 3.4% for the CFI for each additional year of age, on a log scale. SRFI and CFI were higher in women than in men (P < 0.01), whereas TBFI was higher in men (P = 0.03) ( Table 1) . Each index could discriminate across age, education and living status groups (P < 0.001) except the SRFI, which was similar among those with secondary and third/higher education (P = 0.34).
Fifty-two participants died at Wave 2. Among those who did not report the other outcome measures at Wave 1, 2.4% developed new ADL disability, 3.1% developed new IADL disability, 11.1% were hospitalised, 5.7% were identified as new recurrent fallers and 3.3% reported new non-accidental falls at Wave 2. When we compared the ability of the three indices to predict the incident outcome measures, CFI had higher AUCs and odds ratios than did the other two indices. The SRFI had higher AUCs and odds ratios than did the TBFI for all outcomes, save mortality (Table 2 ). In the regression models that included the CFI, age was no longer a significant predictor for any of the outcome measures, and sex was only significant for hospitalisation and mortality. When the SRFI and TBFI were included in the same logistic regression model, each independently predicted ADL and IADL disability and non-accidental falls; the SRFI had a higher odds ratio (e.g. odds ratio (95% confidence interval) for IADL disability: SRFI 1.081 (1.063-1.098); TRFI 1.052 (1.033-1.072)). Even so, only the TBFI significantly predicted mortality, and only the SRFI significantly predicted hospitalisation and recurrent falls (Table 2 ). When we repeated the analyses using the whole sample, absolute values in the prediction models were slightly different; however, the findings about the FI differences were similar (Supplementary data, Appendix B available in Age and Ageing online).
Discussion
TILDA provides a unique opportunity to compare frailty assessment methods using self-reported and test-based health measures in a larger sample. Here, we found that most characteristics of frailty are similar whether exclusively self-reported or test-based measures are used to construct an FI: a right-skewed density distribution, an upper limit <0.7, a non-linear increase with age at 3-3.5% per year rate and dose-response relationships with adverse health outcomes. Even so, levels of frailty were lower when only self-reported items were included in the index. When self-report and testbased measures were combined and used to predict outcomes, this index had the strongest prediction and age was no longer a significant predictor.
Our findings should be interpreted with caution. The TILDA sample includes only community-dwelling participants and our analysis excluded people who could not travel to one of the TILDA centres to participate in the health assessments. Due to this, our findings may not be generalisable to institutionalised, hospitalised and the frailest community-dwelling people. This is a common issue for longitudinal studies with test-based measures and limits the ability of using these types of measures to identify frailty. One of the advantages of the FI is that it can be constructed using only selfreported measures, and as this study showed, the findings are not very different. Using test-based measures to identify frailty could be considerably more time consuming than using self-reported measures. Furthermore, the participants (n = 66) excluded from analysis due to missing test-based FI data tended to be older (mean age: 67.7 ± 11.6; 53% women) and frailer (SRFI: 0.23 ± 0.17) than those included. An additional limitation is that while most of the test-based measures were continuous variables, these were subsequently transformed into categorical variables using either published cut points or cut points based on their distribution. Using different cut points could have an impact on the results. To examine this issue, we repeated our analysis using different distribution cut points for the TBFI variables (e.g. <20% percentile = 1 or <5% percentile = 1). We found that although the absolute frailty scores changed, the overall conclusions about the FIs comparisons remained similar. A previous study from our group showed that variables included in an FI can be coded either as dichotomous or ordinal, with negligible impact on the performance of the index in predicting mortality [16] .
In the present study, the prevalence of frailty was 11% when the SRFI was used (mean FI: 0.12 ± 0.09). In our previous study, using data from the Survey of Health, Ageing and Retirement in Europe (SHARE), the prevalence of frailty in a representative sample of Irish people aged 50+ was 15%, and the mean FI was 0.14 [15] . The lower scores observed in this study could be related to the exclusion of the frailest people, due to their inability to participate in the health assessments and preventing construction of the TBFI. If we did not exclude this subgroup from the analysis, the prevalence of frailty based on the SRFI would have been 14.7%, and the mean FI would be 0.13, findings that are very similar to our previous SHARE study. The 6% higher prevalence of frailty in the TBFI compared with the SRFI could be related to participants underestimating health problems, or simply reflecting an increased prevalence using a subclinical definition. These results however show some significant discrepancies between self-reported and objective measures. men and 49% of women with objective evidence of hypertension were undiagnosed and 85% of older adults with objective evidence of anxiety symptoms did not report a physician diagnosis [17] . This discrepancy was related to the education and wealth status of participants [10] . In contrast, the TBFI may overestimate some health problems, perhaps reflecting poor performance of participants on the test day, which might not be a consistent health problem (e.g. white coat syndrome). The common frailty characteristics among the three FIs employed here are similar to the characteristics observed in previous studies using the FI and other frailty scales [18] . Population-based studies using different FIs have generally shown non-linear increases in frailty with age [11, [18] [19] [20] . Also, this study showed that women have higher frailty scores than men when the SRFI and CFI were used but not when TBFI was used (women were lower). The sex differences of the SRFI and CFI are in agreement with previous research that described the phenomenon that women have poorer health but longer life expectancy, known as the male-female health survival paradox [21] . This health survival paradox has been identified in studies of different FIs [11, [18] [19] [20] [22] [23] [24] [25] , and its existence underscores the notion that the previous FIs-constructed mostly with self-reported measures-were imperfect in their ability to measure frailty: if women are at lower risk of death, then they should have lower frailty scores. This is consistent with the findings of the TBFI in this study and may imply that test-based measures more accurately capture levels of frailty.
Although each FI predicted health outcomes at 2 years, the combined FI increased the prediction precision. Whether this reflects an effect of examining both types of measures or the impact of using an FI with more items is not yet clear. Of note, when test-based measures, either on their own (TBFI) or in the combined FI, were included in the regression model, age was not a significant predictor of outcomes. This is unusual since very few frailty measures outperform age in predicting outcomes, especially in community-dwelling populations. Previous studies of hospitalised patients showed that adding frailty to a regression model resulted in age no longer being a significant independent predictor. There, however, the FI was based on a clinical comprehensive geriatric assessment [26, 27] . Together, these observations suggest systematic differences between selfreported and test-based health deficits.
Key points
• Previously, frailty indices were constructed using mostly subjective health measures.
• Most characteristics of frailty are similar when self-reported or test-based measures are used to construct the FI.
• Men have slightly higher FI scores than women when testbased measures are used to construct this index.
• All frailty indices predicted health outcomes; the combined FI increased the prediction precision.
• The combined FI outperformed age in predicting health outcomes.
